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Abstract 20 
An aerobic granular bioreactor was operated for over 4 months, treating a synthetic 21 
wastewater with a high ammonium content (100 mg L-1). The inoculum was collected 22 
from a bioreactor performing simultaneous partial nitrification and aromatic compounds 23 
biodegradation. From day-56 onwards, 2-fluorophenol (2-FP) (12.4 mg L-1) was added 24 
to the feeding wastewater and the system was bioaugmented with a 2-FP degrading 25 
bacteria (Rhodococcus sp. FP1). By the end of operation, complete 2-FP biodegradation 26 
and partial nitrification were simultaneously achieved. Aerobic granules remained stable 27 
over time. During the 2-FP loading, a shift in the community structure occurred, 28 
coinciding with the improvement of 2-FP degradation. DGGE analysis did not allow to 29 
infer on the bioaugmented strain presence but pyrosequencing analysis detected 30 
Rhodococcus genus by the end of operation. Together with other potential phenolic-31 
degraders within granules, these microorganisms were probably responsible for 2-FP 32 
degradation. 33 
 34 
Keywords: granulation, bioaugmentation, nitritation, phenolic compound, molecular 35 
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1. Introduction 37 
Industrial activities have led to the widespread production and release of xenobiotic 38 
compounds (such as aromatic compounds) and ammonium (Kim and Kim, 2003; Milia 39 
et al., 2012) to rivers and water bodies. The decontamination of effluents containing 40 
such compounds is not an easy task because the applied treatment processes can be 41 
inefficient and/or not cost-effective. Nowadays, physico-chemical and biological 42 
processes are applied to treat industrial wastewaters containing aromatic compounds. 43 
Commonly, physico-chemical processes are expensive and often cannot achieve 44 
complete removal of the aromatic compounds and may lead to the generation of toxic 45 
by-products (Al-Khalid and El-Naas, 2012). On the contrary, biological processes can 46 
achieve complete degradation of the aromatic compounds, and are cost-effective and 47 
usually more environmentally friendly (Al-Khalid and El-Naas, 2012). However, the 48 
efficiency of biological processes can be negatively affected by the presence of aromatic 49 
compounds. A promising technology to overcome related problems is the use of aerobic 50 
granular biomass reactors (Adav et al., 2008; Duque et al., 2011; Ramos et al., 2016a). 51 
Aerobic granules are dense spherical structures, formed by a microbial self-52 
immobilization process, which have excellent settling ability. The aerobic granular 53 
technology is able to: (i) retain high biomass concentration in the reactor, (ii) to 54 
withstand high organic loading rates and (iii) to tolerate toxic compounds (Adav et al., 55 
2008).  56 
A feasible technology to treat complex industrial wastewaters composed of aromatic 57 
compounds and ammonium can be a two-stage biological process, consisting of two 58 
different granular reactors: an aerobic granular reactor and an anoxic granular reactor. 59 
In the first stage, the aerobic granular reactor performs simultaneous partial nitrification 60 
(oxidation of ammonium to nitrite) and biodegradation of the aromatic compounds. The 61 
achievement of partial nitrification instead of full nitrification allows reduce aeration 62 
and, consequently, reducing running costs. This aerobic granular reactor was previously 63 
used to treat wastewater streams with phenol and phenol substituted with methyl- and 64 
nitro- groups (p-nitrophenol and o-cresol) (Jemaat et al., 2014, 2013; Ramos et al., 65 
2016a). However, its performance has not been studied with aromatic compounds with 66 
halogen substituents, such as chloride- or fluoride-. In the second stage, nitrite can be 67 
reduced by heterotrophic denitrification via nitrite (Ramos et al., 2016b).  68 
Fluorophenols can be found in effluents from agrochemical and pharmaceutical 69 
industries (Key et al., 1997). These organic compounds are enzyme inhibitors, modifiers 70 
of cell-cell communication and disruptors of membrane transport (Key et al., 1997). 71 
Moreover, they are much more resistant to biodegradation than other substituted 72 
phenols because of the stability of the carbon-fluoride bond (Key et al., 1997). 73 
To the best of the authors’ knowledge, simultaneous biodegradation of fluorophenols 74 
and partial nitrification in a single reactor has not been reported until now. Besides, 75 
biodegradation of fluorophenols is scarcely reported. The related studies on aerobic 76 
biodegradation of fluorophenol are related to i) an acclimated activated sludge system 77 
operated in batch mode (Chaojie et al., 2007) and to ii) an aerobic granular reactor 78 
treating a readily biodegradable compound (acetate) and bioaugmented with an specific 79 
fluorophenol-degrading bacterial strain (Duque et al., 2015, 2011). 80 
The present study aims to achieve simultaneous biodegradation of 2-fluorophenol (2-81 
FP) and partial nitrification in an aerobic granular reactor. The microbial diversity in the 82 
aerobic granules at the beginning and at the end of the operation period was assessed, to 83 
have a better understanding of the microbial composition, and to evaluate the success of 84 
a bioaugmentation strategy with a specific 2-FP-degrading bacterial strain.  85 
 86 
2. Materials and methods 87 
 88 
2.1. Reactor set up and operation 89 
A sequencing batch reactor (SBR) of 2.5 L, with an internal diameter of 6.5 cm and 90 
height of 110 cm, was used. The reactor was operated in cycles using an automatic 91 
timer (Siemens Logo! 230RC) to start and stop pumps for influent, aeration and effluent 92 
withdrawal. Dissolved oxygen (DO) concentration and pH were measured and 93 
controlled online. DO concentration was measured with a DO-sensor (InPro 6820, 94 
Mettler-Toledo) and expressed as percentage of the oxygen saturation concentration 95 
(100 % is equal to 9.1 mg O2 L-1). Compressed air was introduced from the bottom of 96 
the reactor through a diffuser. DO concentration was controlled by an on-off controller. 97 
The pH (InPro3030, Mettler-Toledo) was maintained at 8.0 ± 0.5 by dosing 1 M NaOH 98 
or 1 M HCl. The influent was introduced from the bottom of the reactor. Temperature 99 
was maintained at 30 ºC by means of an external water jacket, which allowed a constant 100 
temperature operation. 101 
The reactor was operated in successive cycles, consisting of feeding, aeration, settling 102 
and withdrawal. Table 1 shows the operating conditions applied in the SBR. Hydraulic 103 
retention time (HRT) was varied by increasing the volume exchange and the reaction 104 
time to decrease the applied organic loading rate (OLR) and nitrogen loading rate 105 
(NLR).  106 
The reactor was fed with a synthetic wastewater. Depending on the operation conditions 107 
and the influent composition, the operation of the reactor was divided into three phases:  108 
 109 
i) Phase I (from day-0 to day-35): the reactor was inoculated with aerobic granules 110 
from an airlift reactor treating an industrial wastewater and it was operated in 111 
batch mode. At day-0 and day-13, ammonium pulses were carried out to reach 112 
initial concentrations of 150 and 330 mg N-NH4+ L-1 in the reactor, respectively.  113 
ii) Phase II (from day-36 to day-55): the reactor was operated as SBR and fed with 114 
an influent containing only ammonium (100 ± 6 mg N-NH4+ L-1). The HRT varied 115 
between 1.2 to 2.5 d. 116 
iii) Phase III (from day-56 to day-135): In this phase, the SBR was fed with an 117 
influent containing ammonium (100 ± 6 mg N L-1) and 2-FP (12.4 mg L-1, 118 
representing 23.9 mg COD L-1). At the beginning of this phase (day-56), the SBR 119 
was bioaugmented with a specific 2-FP-degrading bacterial strain (Duque et al., 120 
2012). The HRT varied between 2.5 to 5.0 d. 121 
 122 
The synthetic wastewater was also composed by micronutrients (expressed as mg L-1): 123 
41.0 KH2PO4; 176.0 NaCl; 198.0 MgCl2·7H2O; 4.0 FeSO4·7H2O; 3.0 MnSO4·H2O; 4.0 124 
ZnSO4·7H2O; 2.0 CuSO4·5H2O; 0.02 H3BO3; 12.0 CO(NH2)2 and 2.0 yeast extract. 125 
Sodium bicarbonate (11.2 g NaHCO3 L-1) was added to the influent to ensure enough 126 
buffer capacity.  127 
 128 
2.2. Inoculum  129 
Aerobic granular biomass (5 g VSS, volatile suspended solids) from a continuous airlift 130 
reactor treating an industrial wastewater containing ammonium and aromatic 131 
compounds was used as inoculum (Ramos et al., 2016a). That aerobic granular reactor 132 
performed simultaneous partial nitrification and organic matter removal, achieving 133 
complete biodegradation of the organic matter (96 %) and an effluent with 95% of 134 
nitrite and 5% of nitrate. Some of the characteristics of the aerobic granules were as 135 
follows: average granule size of 700 ± 30 μm, sludge volumetric index (SVI) at 5 min 136 
of 10.1 ± 0.5 mL g-1 of total suspended solids (TSS) and SVI30/SVI5 ratio of 1.0. The 137 
aerobic granular biomass was stored at 4 ºC for 30 days before the inoculation of the 138 
SBR of this study. 139 
 140 
2.3 Bioaugmentation with Rhodococcus sp. strain FP1 141 
On day-56, the SBR was bioaugmented with Rhodococcus sp. strain FP1, a bacterial 142 
strain able to degrade 2-FP as sole carbon and energy source, previously isolated by 143 
Duque et al. (2012). FP1 pure cultures were grown in sealed flasks containing a mineral 144 
salts liquid medium (Caldeira et al., 1999) and 2-FP, firstly at a concentration of 50 mg 145 
L-1 and later of 100 mg L-1. The cultures were incubated on an orbital shaker (100 rpm) 146 
at 25 ºC. The optical density at 600 nm (OD600) and fluoride release were followed to 147 
monitor growth and 2-FP biodegradation, respectively. The SBR was bioaugmented 148 
with 300 mL of an FP1 pure culture with an OD600 of 0.660. 149 
 150 
2.4. Analytical methods 151 
Liquid samples were periodically withdrawn from the influent and effluent of the 152 
reactor to determine the concentrations of ammonium, nitrite, nitrate, 2-FP and fluoride 153 
ions. Ammonium, nitrite and nitrate concentrations were measured by commercial kits 154 
(Merck). 2-FP was analysed by high performance liquid chromatography (HPLC), on a 155 
System Gold 126 (Beckman Coulter, Fullerton, USA), with a LiChroCART 25-4 156 
LiChrospher 100 RP-18 reversed-phase column, 5 μm particle size (Merck. Darmstadt, 157 
Germany), according to the procedure described in Duque et al., (2011). The 158 
concentration of fluoride ions in supernatants was measured with an ion-selective 159 
combination electrode (model CH-8902, Mettler-Toledo GmbH, Urdorf, Switzerland), 160 
according to the procedure described in Duque et al., (2011). Total and volatile 161 
suspended solids (TSS and VSS, respectively) were determined according to Standard 162 
Methods 2540 D and 2540 E (APHA, 1999). 163 
Periodic samples were taken from the bioreactor during the aeration phase to assess the 164 
morphology of the aerobic granules. A volume of 1 mL was transferred to a Petri dish 165 
for visualisation and image acquisition on an Olympus SZ40 stereo microscope 166 
(Olympus, Tokyo, Japan) with a total 30 magnification. The stereo microscope was 167 
coupled to a CCD Sony AVD D5CE (Sony, Tokyo, Japan) grey video camera, and to a 168 
Data Translation DT 3155 (Data Translation Marlboro, Massachusetts) frame grabber. 169 
Image acquisition was performed for 768  576 pixels and 8-bit (256 grey levels) 170 
format through the Image Pro Plus (Media Cybernetics, Silver Spring, MD) software. In 171 
the present case, the granules were divided into two classes based on the equivalent 172 
diameter (Deq): intermediate granules (Deq between 0.15 and 1.5 mm) and larger 173 
granules (Deq above 1.5 mm). Calibration from pixels to the metric unit dimensions 174 
was performed by means of a micrometer slide, allowing the determination of the metric 175 
calibration factor. The collected images were treated by means of specially developed 176 
program in Matlab (The Mathworks, Inc., Natick) in order to characterise aerobic 177 
granules samples, in terms of some relevant morphological parameters as previously 178 
described by Mesquita et al. (Mesquita et al., 2009). 179 
 180 
2.5. High-throughput sequencing 181 
Identification of the microbial population was performed using next-generation 182 
sequencing at day-0 and day-135 of the reactor operation. Samples of the granular 183 
biomass were taken from the reactor during the aeration phase. Total genomic DNA of 184 
the aerobic granular biomass was extracted and purified using PowerBiofilmTM DNA 185 
Isolation Kit (MoBio Laboratories, USA) in accordance with the manufacturer’s 186 
instructions. Paired-end sequencing of the extracted DNA was performed on Illumina 187 
MiSeq platform by Research and Testing Laboratory (Lubbock, Texas, USA). Bacterial 188 
16S rRNA variable regions V2-V4 were targeted using the primer pair 341F-907R. 189 
Biodiversity analysis and phylogenetic classification was performed with the 190 
methodology explained in Ramos et al. (Ramos et al., 2016a). Relative abundances of 191 
the reads were determined by taxonomic level. Indices of biological diversity were 192 
calculated for day-0 and day-135 libraries (Figure S1 and Table S1 of the Supporting 193 
information), indicating that both libraries were comparable in terms of abundance 194 
percentages, and that good coverage of diversity was reached. 195 
 196 
2.6. Denaturing gradient gel electrophoresis (DGGE) 197 
Genomic DNA from the crushed granules samples was extracted using the UltraClean 198 
Microbial DNA Isolation Kit (MO BIO Laboratories, Inc., USA) according to the 199 
manufacturer’s instructions. The extracted DNA was kept at -20 °C until its use for 200 
DGGE. The primers 338F-GC and 518R were used for the amplification of the highly 201 
variable V3 region of bacterial 16S rRNA gene fragments. The followed procedures for 202 
PCR amplification and DGGE were according to Amorim et al. (Amorim et al., 2014). 203 
 204 
3. Results and discussion  205 
 206 
3.1. Reactor performance 207 
The performance of the reactor throughout the 3 phases is shown on Figure 1. Firstly, 208 
the reactivation of the aerobic granules took place (phase I). After inoculation, the 209 
reactor was operated in batch mode during 35 days with two ammonium pulses (days 0 210 
and 13, respectively) and high DO concentration (90%). After each ammonium pulse 211 
feeding, it was observed that the ammonium effluent concentration decreased, 212 
indicating that the granules’ reactivation was successful.  213 
From day-36 onwards, the reactor was operated in SBR mode. During phase II, only 214 
ammonium was fed to the SBR. From day-36 to day-45, a NLR of 0.08 g N-NH4+ L-1 d-215 
1 was applied, and most of the entering ammonium was oxidised to nitrate (90%), while 216 
only a small part was accumulated as nitrite (1%) (Figure 1B). At the beginning of 217 
phase II, the settling time was fixed at 15 min, but from day-45 onwards, the settling 218 
time was reduced to 10 min to maintain a good aerobic granulation. This change 219 
produced a momentary accumulation of ammonium (day-47, Figure 1B), probably due 220 
to an excessive washout of biomass from the SBR. Consequently, the feeding was 221 
stopped for 2 days to consume the accumulated ammonium and to recover the 222 
nitrification efficiency. After achieving complete ammonium consumption on day-50, 223 
both NLR and DO concentrations were decreased from 0.08 to 0.04 g N-NH4+ L-1 d-1 224 
and from 90 to 75 %, respectively. These changes produced an improvement of the 225 
partial nitrification process. As a result, at the end of phase II, the effluent was 226 
composed of 95.9 and 10.0 mg L-1 of nitrite and nitrate, respectively (Figure 1B). Thus, 227 
the oxidation of ammonium changed from almost full nitrification (90% of nitrate) at 228 
the beginning of phase II, to partial nitrification (90 % of nitrite) at the end of phase II, 229 
and this change was essentially due to the decrease of the DO concentration in the SBR. 230 
Indeed, despite the loss of biomass after the decrease of the settling time on day-45, the 231 
biomass concentration in the SBR was stabilised at 1.8 ± 0.7 g VSS L-1 at the end of 232 
phase II, and no significant washout of biomass was observed. 233 
At the beginning of phase III (day-56), the SBR was bioaugmented with Rhodococcus 234 
sp. strain FP1 able to degrade 2-FP as sole carbon and energy source. Bioaugmentation 235 
is the addition of a specialised microorganism or mixed microbial population to a 236 
biological reactor to improve the capacity to biodegrade specific compounds, such as 237 
toxic/recalcitrant organic compounds (Bartrolí et al., 2011; Duque et al., 2011; Martín-238 
Hernández et al., 2012). Specifically, bioaugmentation with FP1 was previously applied 239 
in an aerobic granular reactor performing organic matter biodegradation. That strategy 240 
achieved simultaneous biodegradation of acetate and 2-FP in a granular SBR (Duque et 241 
al., 2011). However, this strategy has never been applied in a nitrifying reactor for 242 
simultaneous partial nitrification and 2-FP biodegradation.  243 
Throughout phase III, 2-FP was introduced into the feeding together with ammonium 244 
(Figure 1C). Despite the bioaugmentation with FP1, 2-FP was poorly biodegraded in the 245 
first days of phase III, with 12-14 mg COD L-1 of 2-FP in the effluent of the reactor. 246 
Considering that the applied volume exchange was of 40 % (see Table 1), the 2-FP 247 
concentration inside the reactor should be of ca 10 mg COD L-1 of 2-FP, similar to those 248 
obtained at the outlet, and such no degradation occurred. The biodegradation of 2-FP 249 
can be followed by the stoichiometric fluoride release (Figure 1C) (Duque et al., 2012; 250 
Key et al., 1997). Furthermore, the accumulation of 2-FP in the SBR led to inhibition of 251 
nitrification, and resulted in ammonium accumulation (Figure 1B). The presence of 252 
aromatic compounds (phenol, o-cresol and quinoline) affects ammonium oxidation, as 253 
have been previously reported in bioreactors with nitritation not starting until the 254 
aromatic compounds were completely consumed  (Jemaat et al., 2013; Liu et al., 2005; 255 
Morita et al., 2007; Ramos et al., 2016a). Thus, the feeding was stopped for a period of 256 
2 days (from day-63 to day-65) to allow the consumption of all the accumulated 2-FP 257 
and thereafter of ammonium. Then, both OLR and NLR were decreased from day-65 258 
onwards to 0.02 g N L-1 d-1 and 0.005 g COD L-1 d-1, respectively (Figure 1A). After 259 
this change, 2-FP biodegradation started with values around 50% of the inlet 2-FP 260 
amount. From day-80 onwards, complete 2-FP biodegradation was achieved, as 261 
revealed by the stoichiometric fluoride release (Figure 1C). The 2-FP disappearance 262 
from the bulk liquid of the SBR caused a significant improvement in the ammonium 263 
oxidation (Figure 1B), showing that 2-FP has a significant inhibitory effect over the 264 
nitrification process. From day-90, a clear change between full and partial nitrification 265 
can be observed (Figure 1B), since the major form of nitrogen in the effluent was nitrite 266 
instead of nitrate. This change was probably caused by the progressive repression of 267 
nitrite-oxidising bacteria (NOB) activity in the SBR. The key operational variable to 268 
ensure that ammonium was only oxidised to nitrite (i.e. partial nitrification) in an 269 
aerobic granular reactor is the ratio between DO and ammonium concentrations in the 270 
bulk liquid ([DO]/[N-NH4+]) (Bartrolí et al., 2010; Isanta et al., 2015; Reino et al., 271 
2016). The control of this operational parameter allows one to achieve and maintain 272 
partial nitrification even at high DO concentration, as previously demonstrated with 273 
long-term specific experiments (Bartrolí et al., 2010). In that study, it was determined 274 
that full nitritation in a granular reactor was only achieved for [DO]/[N-NH4+] lower 275 
than 0.25. In the present study, the [DO]/[N-NH4+] ratio was not controlled during the 276 
SBR operation, thus resulting from the applied operational conditions. Nevertheless, the 277 
[DO]/[N-NH4+] ratio varied between 0.10-0.15 from day-60 to day-100. This value is 278 
lower than the threshold value reported by Bartrolí et al. (2010) and thus, nitrite 279 
accumulation occurred in the SBR. However, complete repression of the NOB activity 280 
was not achieved since the [DO]/[N-NH4+] ratio increased from day-110, because 281 
ammonium was almost completely removed from the SBR. In such a case, an automatic 282 
control loop would be necessary to ensure an accurate value of the [DO]/[N-NH4+] ratio 283 
(Bartrolí et al., 2010; Isanta et al., 2015; Reino et al., 2016).  284 
At the end of the experimental period, aerobic granules were able to completely 285 
biodegrade the inlet 2-FP and to oxidise most of the inlet ammonium to nitrite. Thus, an 286 
aerobic granular biomass able to simultaneously perform 2-FP biodegradation and 287 
partial nitritation was developed.  288 
 289 
3.2. Aerobic granules properties  290 
The characteristics of the aerobic granular biomass during the operational period are 291 
shown in Figure 2. At day-0, the biomass mainly consisted of granules with Deq around 292 
700 µm (Figure 2A). Only a small percentage (lower than 35 %) of biomass was made 293 
up of granules with Deq above 1.5 mm. From phase I till the end of phase II, the 294 
number of granules with Deq below 1.5 increased from 64% to 88%, and a concomitant 295 
decrease on the percentage of granules with Deq above 1.5 mm, from 35% to 11% was 296 
observed (Figure 2B). The intermediate granules originated from the breakage of the 297 
larger granules, which is corroborated by the sharp decrease from 61% to 23% of the 298 
area percentage (Figure 2C). Nevertheless, in phase III, during which 2-FP was present 299 
in the feeding, the number of granules of each size group was maintained almost 300 
constantly until the end of the operational period (Figure 2B).  301 
The compactness and robustness of the aerobic granules were indicative of the presence 302 
of stable granules during the operational period, which indicated that the load of 2-FP 303 
did not affect the biomass (Figures 2D and E), and that the granules did not lose their 304 
morphological quality. The absence of filamentous bacteria during the monitoring 305 
period by image analysis suggested that the sludge's settling properties were not 306 
affected. The fact that the robustness and compactness of the granular sludge were not 307 
affected (even though a slight decrease was observed) also corroborates that the sludge 308 
presented good settling properties. The properties of the aerobic granules were 309 
maintained with almost no change, which is in accordance with the performance of the 310 
bioreactor, since no failures in the removal processes were observed even when 2-FP 311 
was present in the feeding. The observed results demonstrate the robustness of the 312 
system to deal with recalcitrant compounds. 313 
 314 
3.3. Bacterial community dynamics 315 
DGGE analyses were carried out to investigate bacterial community changes in the 316 
aerobic granules throughout the reactor operation. The DGGE profile, the cluster 317 
analysis and the Shannon and equitability indexes are shown in Figure 3. The DGGE 318 
fingerprint showed that the band patterns changed throughout SBR operation. The 319 
number of DGGE bands per sampling day varied between 10 (day-0) and 19 (day-55). 320 
Therefore, the bacterial composition on the initial inoculum had a lower diversity, as 321 
corroborated by its H value of 0.90. Moreover, bands present on day-0 tended to 322 
decrease in their intensity over time, indicating that changes in the relative proportions 323 
of such species occurred. Also, some new bands appeared during the reactivation 324 
process. Because distinct banding patterns were observed within different sampling 325 
days, cluster analysis was performed using the UPGMA algorithm (Figure 3). The 326 
bacterial assemblage indicated that the largest change was observed between samples 327 
collected at day-0 and day-35 (after the reactivation of nitrification). In fact, the 328 
bacterial population on the initial inoculum (day-0) only presented ca. 25 % of 329 
similarity to that on day-35. From the DGGE profile, it is apparent that the number of 330 
bands on day-35 was higher than that on day-0, which is corroborated by the increase in 331 
the H value during the reactivation period, indicating that the bacterial population 332 
inhabiting the granules changed to a more diverse population. The H value continued to 333 
increase until day-55 (just before bioaugmentation), attaining the maximum H value of 334 
1.19. After bioaugmentation and the beginning of feeding with 2-FP, the H indexes 335 
decreased, indicating that the species richness within the granules was decreasing over 336 
time, probably because of the selective pressure due to the 2-FP loading. Also, from 337 
day-71 to day-120, a clear shift in community composition was evident (ca. 40% of 338 
similarity), which coincided with the improvement of 2-FP degradation. Concerning the 339 
E index, it varied between 0.85 and 0.97, indicating a relative equal abundance of all 340 
species in each sampling day, thus an almost uniform distribution of species, in terms of 341 
abundance, within the granules. 342 
After bioaugmentation, the DGGE band corresponding to Rhodococcus sp. strain FP1 343 
could not be identified in any of the analysed samples: d71 (15 days after 344 
bioaugmentation), d120 (64 days after bioaugmentation) and d135 (end of the 345 
experimental period). One possible explanation might be a low DNA content of this 346 
strain in relation to the total bacterial community within granules, since in general, only 347 
sequences corresponding to microorganisms that represent at least 0.5–1% of the total 348 
cells are detectable by DGGE (Muyzer et al., 1993). This result demonstrates that this 349 
strain was not dominant in the bacterial community. Indeed, Duque et al. (Duque et al., 350 
2011) reported the retrieval of the bioaugmented strain as identified by DGGE in a 351 
successful bioaugmentation with FP1 in an aerobic granular reactor with simultaneous 352 
removal of acetate and 2-FP. Differences in the main operational parameters of both 353 
studies could have contributed to the observed result (Table 2). Firstly, washout of the 354 
strain FP1 added in this study could have occurred due to the short settling time applied 355 
in the SBR (10 min), because FP1 was a floccular biomass. In the study conducted by 356 
Duque et al. (Duque et al., 2011), the settling time was 20 min and probably the 357 
floccular FP1 strain could have been more effectively retained in the reactor than that in 358 
this study. Secondly; the dosage of FP1 added by Duque et al. (Duque et al., 2011) was 359 
significantly higher than that applied in this study (Table 2). Martín-Hernández et al., 360 
(2012), demonstrated that the dosage is a key factor for a successful bioaugmentation 361 
strategy to achieve degradation of phenolic compounds. The difference in the dosage of 362 
FP1 could explain the success in the detection of the bioaugmented strain in Duque et 363 
al. (Duque et al., 2011).  364 
Nevertheless, besides FP1, the bacterial population inhabiting the granules could also 365 
have contributed to the degradation of 2-FP. The granules used as initial inoculum were 366 
collected from a reactor treating an industrial wastewater containing aromatic 367 
compounds (phenol, o-cresol and quinoline). Thus, probably the indigenous bacterial 368 
population in those granules could efficiently adapt to the presence of the toxic 369 
compound, and eventually to degrade it. Successful cases of acclimatisation to toxic 370 
compounds such as phenol (Tay et al., 2005) or more recalcitrant compounds such as 371 
2,4-dicholorophenol (Wang et al., 2007) and p-nitrophenol (Yi et al., 2006) have been 372 
reported. Moreover, the presence of aromatics-degraders could have also contributed to 373 
the failure in the detection of FP1 by DGGE. Both bacterial populations, FP1 and 374 
aromatics-degraders in the granules, had to compete for a sole and scarce carbon source, 375 
2-FP, and this competition happened under the stress of the settling time applied in the 376 
SBR. In that way, the aromatics-degraders within the granules could have won the 377 
competition because they could remain in the SBR, whilst the floccular FP1 biomass 378 
could have been washed-out.  379 
 380 
3.4. Microbial composition within the aerobic granules 381 
For a further understanding of the bacterial population in the aerobic granules, a 382 
pyrosequencing analysis was carried out for the aerobic granules at the beginning (day-383 
0) and at the end of the operation of the SBR (day-135). Figures 4 summarises the 384 
phylogenetic distribution of the bacterial population at class level. Microbial diversity at 385 
genus level is presented in Figure S2 of the Supporting information. In the aerobic 386 
granules used as inoculum (day-0), Alphaproteobacteria, Betaproteobacteria and 387 
Flavobacteriia were the main identified classes, representing 79% of the total reads. 388 
OTUs affiliated with such classes are commonly found in the microbial community 389 
within granules, often representing key bacterial groups (Lv et al., 2014). Aerobic 390 
granules are formed by the self-aggregation of flocculent biomass, when proper 391 
operational conditions are applied. Former works revealed that during the granulation 392 
process, activate sludge flocs assemble and agglomerate as dense and compact granular 393 
sludge and although bioflocs had higher biodiversity than granules, the bacterial 394 
population did not shift significantly (Lv et al., 2014; Zhou et al., 2014). Also, both 395 
works noted that the abundance of members belonging to the Flavobacteriia class 396 
increases during the granulation. Members of this phylogenetic division are reported to 397 
contribute towards the production of extracellular polymers that allow to bind cells 398 
together (Li et al., 2014). Moreover, their distribution in the granules outer spherical 399 
shell combined with the layered structure of granules, are in part responsible for the 400 
higher tolerance of granules to toxics, compared with the activated flocs (Ding et al., 401 
2015; Lv et al., 2014). At genus level, Aquamicrobium (16%), unclassified 402 
Bradyrhizobiaceae (14%), unclassified Xanthomonadaceae (10%), Nitrosomonas 403 
(10%), unclassified Flavobacteriaceae (7%) and unclassified Phyllobacteriaceae (5%) 404 
were mainly detected. Alphaproteobacteria and Betaproteobacteria are abundant classes 405 
in the treatment of toxic/recalcitrant organic compounds, such as polycyclic aromatic 406 
hydrocarbons and polychlorinated biphenyls (Pérez-Leblic et al., 2012), coal 407 
gasification wastewaters (Jia et al., 2016), coking wastewaters (Ma et al., 2015) and 408 
complex industrial wastewaters (Ibarbalz et al., 2013). At genus level, the most 409 
abundant genera in the inoculum (Aquamicrobium and unclassified Bradyrhizobiaceae) 410 
have been previously described as phenolics-degraders (Jiang et al., 2016; Ma et al., 411 
2015). The presence of such microorganisms in the initial inoculum is an indication that 412 
probably phenolics degrading bacteria where among the indigenous bacterial 413 
population. Regarding nitrification, only a species of ammonia oxidising bacteria 414 
(AOB) was detected in the initial inoculum (Nitrosomonas genus), while NOB were not 415 
detected. The biomass used as initial seed was collected from an aerobic granular 416 
reactor performing simultaneous partial nitrification and organic matter removal, 417 
discharging an effluent with 95% of nitrite and 5% of nitrate which can explain the 418 
absence of NOB (Ramos et al., 2016a). Nitrosomonas genus has been previously 419 
detected in the treatment of complex wastewater composed of ammonium and aromatic 420 
compounds (Jia et al., 2016; Ma et al., 2015; Ramos et al., 2016a). In this way, 421 
pyrosequencing analysis shows that the bacterial population of the aerobic granules 422 
used as inoculum probably had the ability to perform partial nitrification and 423 
biodegradation of phenolic compounds.  424 
At the end of operation (day-135), the main classes were Alphaproteobacteria, 425 
Betaproteobacteria and Actinobacteria, representing 76% of the total reads. Although 426 
there was a slight reduction on the relative abundance, members from the Alpha and 427 
Beta subdivision of Proteobacteria were present at the beginning and end operation. 428 
This indicated that most of microorganisms belonging to these classes could persist 429 
within the system. On the contrary,members belonging to the classes Flavobacteriia and 430 
Deinococci were no longer detected at the end of operation. Nevertheless, other classes 431 
have emerged such as Acidobacteria_Gp4, Gemmatimonadetes, Bacilli and Clostridia. 432 
Previous studies on the microbial community composition in activated sludge systems 433 
found that class Acidobacteria-Gp4 was more abundant on the processes treating 434 
industrial wastewaters than on those treating domestic wastewater (Ibarbalz et al., 2013) 435 
Moreover, EPS production has been frequently reported in cultured Acidobacteria 436 
species and genes for EPS biosynthesis were found on genomes from Acidobacteria 437 
subdivision 1 (Kielak et al., 2016). Nevertheless, it is still unknown if this is a general 438 
feature of the Acidobacteria phylum. Despite being frequently detected in wastewater 439 
treatment processes, the role of such microorganism in the treatment process is quite 440 
limited probably due the difficulties in the cultivation of these bacteria by classical 441 
approaches.  442 
Although on day-0 and day-135 the main represented classes were the same 443 
(Alphaproteobacteria and Betaproteobacteria), some new classes have emerged and 444 
others detected at day-0 disappeared. Therefore, a change in the microbial population 445 
happened throughout the operational period. The observed differences could not be 446 
exclusively attributed due to the 2-FP loading. As revealed by DGGE (section 3.3), a 447 
dynamic bacterial population was present throughout the different phases independently 448 
of the toxic compound presence. The variation of the bacterial community composition 449 
probably resulted from the adaptation to the conditions in the living environment 450 
namely the influent wastewater composition, the load of the toxic compound and the 451 
operational conditions. Nevertheless, the impact of the load of toxic compounds in the 452 
bacterial population is well documented in the literature (Amorim et al., 2014; Duque et 453 
al., 2015; Ramos et al., 2015). 454 
At genus level, unclassified Bacteria (13%), unclassified Rhizobiales (11%), 455 
unclassified Bradyrhizobiaceae (10%), unclassified Alphaproteobacteria (10%), 456 
unclassified Acidobacteria_Gp4 (8%), Nitrobacter (8%) and Nitrosomonas (7%) were 457 
mainly detected. Acidobacteria_Gp4 and Actinobacteria classes have been detected in 458 
the treatment of other complex industrial wastewaters (Ibarbalz et al., 2013; Jia et al., 459 
2016). More specifically, Rhizobiales (Carvalho et al., 2006) and Acidobacteria_Gp4 460 
genera (Ibarbalz et al., 2013; Jia et al., 2016; Pérez-Leblic et al., 2012) have been 461 
previously detected in bioreactors treating wastewaters containing aromatic compounds. 462 
Therefore, pyrosequencing also suggests the presence of phenolic compounds degraders 463 
within the aerobic granules at day-135. 464 
Regarding bacteria involved in nitrification process, Nitrosomonas (7%) and 465 
Nitrobacter (8%) genera were detected in the aerobic granules at day-135. The presence 466 
of both bacteria was expected because nitrite and nitrate were detected in the SBR 467 
effluent. Nitrosomonas is an AOB-genus and, therefore, is related to the oxidation of 468 
ammonium to nitrite. The relative abundance of Nitrosomonas genus at day-135 was 469 
slightly lower (7%) than that in the initial inoculum (10%). This reduction could be due 470 
to the 2-FP load since nitrifiers are mainly distributed in the granules outer layer, which 471 
in turn is more exposed to the toxic stress than bacteria in the inner core. Nitrobacter is 472 
a NOB-genus and, therefore, it is involved on the oxidation of nitrite to nitrate. The 473 
pyrosequencing analysis did not detect the presence of Nitrobacter on day-0, possibly 474 
because its amount was undetectable by pyrosequencing. Probably Nitrobacter genus 475 
proliferated in the SBR during the reactivation phase (phase I), since most of the 476 
ammonium was oxidised to nitrate during phase II. In spite of that, the relative 477 
abundance of Nitrosomonas (7%) and Nitrobacter (8%) genera was very similar at day-478 
135, during which the nitrogen in the effluent of the SBR was mainly in the form of 479 
nitrite (79%) and not nitrate (21%). This suggests that the strategy to repress the NOB 480 
activity based on the maintenance of a low [DO]/[N-NH4+] ratio in the SBR partially 481 
worked. Probably a better control of the [DO]/[N-NH4+] ratio in the SBR was necessary 482 
to completely repress the NOB activity, and wash them out from the reactor.  483 
In addition, Rhodococcus genus was detected at day-135, which could be due to the 484 
bioaugmentation with the 2-FP specialized degrading strain. From the DGGE it was not 485 
possible to infer on the presence of the added Rhodococcus sp. FP1 but by 486 
pyrosequencing analysis, which allows to analyze the microbial diversity in more depth, 487 
the presence of phylotypes of the genus Rhodococcus was observed. However, it was 488 
not possible to characterize these microorganisms at species level and hence ascertain 489 
the presence of the added strain within the system. According to the relative abundance 490 
in the pyrosequencing analysis and the abilities of each bacterial genus described in the 491 
literature, unclassified Rhizobiales, unclassified Bradyrhizobiaceae and unclassified 492 
Acidobacteria_Gp4 genera together with the Rhodococcus species could be the 493 
phenolics-degrading populations involved in the 2-FP biodegradation at day-135.  494 
 495 
4. Conclusions 496 
Simultaneous nitritation and biodegradation of 2-fluorophenol was achieved in an 497 
aerobic granular SBR. The robustness, compactness and settling properties of the 498 
aerobic granules were maintained almost constantly over time, which is in accordance 499 
with the removal efficiency in the bioreactor.  500 
Molecular biology analysis showed a change in the bacterial diversity throughout the 501 
operational period. The presence of Rhodococcus genus members at the end of 502 
operation could be due to the bioaugmentation process and such microorganisms 503 
together with other potential phenolics degrading microorganisms were probably 504 
involved in the 2-FP degradation. Nitrosomonas persisted throughout bioreactor 505 
operation, albeit its relative abundance slightly decreased.  506 
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Figure 1. Performance of the aerobic granular biomass sequencing batch reactor treating 662 
a wastewater composed of ammonium and 2-fluorophenol. (A) Organic and nitrogen 663 
loading rates, (B) concentrations of the nitrogen-compounds and (C) 2-fluorophenol 664 
concentrations and fluoride release.  665 
 666 
Figure 2. Diameter (A), granules number (B), area (C), compactness (D) and robustness 667 
(E) of aerobic granular biomass during the operational period. The granular sludge was 668 
divided into two granule size groups according to its diameter.  669 
 670 
Figure 3. DGGE analysis of 16S rRNA fragments of total bacterial populations from the 671 
aerobic granules. a) DGGE community fingerprint of the SBR 16S rRNA gene 672 
population. Gel lanes contain samples collected during SBR operation (days are 673 
indicated on the top of the lanes). Lane M: DNA marker. b) UPGMA cluster analysis of 674 
bacterial communities based upon DGGE profile and Shannon diversity (H) and 675 
Equitability (E) indexes. Dendrogram presents the similarity, in percentage, between the 676 
DGGE samples. The H and E indexes calculated for each sampling day are included 677 
along the respective lane.  678 
 679 
Figure 4. Bacterial community composition at class level of the aerobic granular 680 
biomass on the sequencing batch reactor. Day-0: aerobic granules used as inoculum and 681 
day-135: aerobic granules performing simultaneous partial nitrification and 2-682 






































































































































Granules size < 1.5 mm





























Granule size < 1.5 mm



























































Conditions of the cycles 








Reaction volume  
(L) 




I 0-35 * - - - 2.1 - - 
II  36-45 700 0 15 5 2.1 40 1.2 
II 46-48 700 0 10 5 2.1 40 1.2 
II - III 49-63 700 725 10 5 2.1 40 2.5 
III 64-134 700 725 10 5 1.6 20 5.0 
* pulse feeding at day-0 and day-13 698 
 699 
